ABSTRACT Glecaprevir (formerly ABT-493) is a novel hepatitis C virus (HCV) NS3/4A protease inhibitor (PI) with pangenotypic activity. It inhibited the enzymatic activity of purified NS3/4A proteases from HCV genotypes 1 to 6 in vitro (half-maximal [50%] inhibitory concentration ϭ 3.5 to 11.3 nM) and the replication of stable HCV subgenomic replicons containing proteases from genotypes 1 to 6 (50% effective concentration [EC 50 ] ϭ 0.21 to 4.6 nM). Glecaprevir had a median EC 50 of 0.30 nM (range, 0.05 to 3.8 nM) for HCV replicons containing proteases from 40 samples from patients infected with HCV genotypes 1 to 5. Importantly, glecaprevir was active against the protease from genotype 3, the most-difficult-to-treat HCV genotype, in both enzymatic and replicon assays demonstrating comparable activity against the other HCV genotypes. In drug-resistant colony selection studies, glecaprevir generally selected substitutions at NS3 amino acid position A156 in replicons containing proteases from genotypes 1a, 1b, 2a, 2b, 3a, and 4a and substitutions at position D/Q168 in replicons containing proteases from genotypes 3a, 5a, and 6a. Although the substitutions A156T and A156V in NS3 of genotype 1 reduced susceptibility to glecaprevir, replicons with these substitutions demonstrated a low replication efficiency in vitro. Glecaprevir is active against HCV with most of the common NS3 amino acid substitutions that are associated with reduced susceptibility to other currently approved HCV PIs, including those at positions 155 and 168. Combination of glecaprevir with HCV inhibitors with other mechanisms of action resulted in additive or synergistic antiviral activity. In summary, glecaprevir is a next-generation HCV PI with potent pangenotypic activity and a high barrier to the development of resistance.
H
epatitis C virus (HCV) is an enveloped, single-stranded, positive-sense RNA virus in the Flaviviridae family. Chronic HCV infection is a global health problem, with an estimated 80 million to 180 million people being infected worldwide (1, 2) . If chronic HCV infection is not diagnosed or is left untreated, it can lead to serious liver diseases, such as cirrhosis, liver failure, and hepatocellular carcinoma. To date, seven distinct HCV genotypes, which differ in their geographic distributions, have been identified (1) (2) (3) . Genotype 1 is the most prevalent genotype and accounts for approximately 45% of all HCV infections worldwide. Genotype 2 is more common in East and Southeast Asia, while genotype 3 is prevalent in Australia, South Asia, and a number of European countries. Genotype 4 is common in Egypt and the Middle East. Genotypes 5 and 6 are found primarily in South Africa and Southeast Asia, respectively, while genotype 7 has recently been identified in Central Africa (4) .
The serine protease encoded by the HCV NS3 and NS4A genes is an attractive target for the discovery of direct-acting antivirals (DAAs). This protease is a viral enzyme responsible for cleaving the HCV polyprotein at four sites, yielding mature viral proteins essential for viral RNA replication (5) . In addition to its crucial role in viral replication, HCV NS3/4A protease also plays a central role in the HCV innate immune evasion strategy by cleaving cellular proteins involved in the host innate antiviral response (6) .
The first DAAs approved for use for the treatment of chronic HCV infection were inhibitors of HCV NS3/4A protease, namely, telaprevir and boceprevir, each of which is to be used in combination with pegylated interferon (pegIFN) and ribavirin (RBV) (7) . Following these approvals in 2011, different interferon (IFN)-free DAA-containing regimens with or without an HCV NS3/4A protease inhibitor (PI) were approved for HCV therapy (7, 8) . However, most of these approved DAAs are not equally potent across all HCV genotypes and subpopulations, nor do they consistently retain efficacy against HCV with specific substitutions associated with resistance to other members of the same inhibitor class (9) (10) (11) (12) (13) (14) (15) . In addition, several currently approved regimens require different strategies to maximize efficacy, including the lengthening of the treatment duration (e.g., from 12 to 16 or 24 weeks) for certain populations or the addition of RBV, which in some patients could induce undesirable side effects (e.g., nausea, weight loss, or hemolytic anemia) (16) (17) (18) . Lower efficacy has also been observed with a number of approved regimens in HCV-infected patients with baseline NS3 or NS5A amino acid polymorphisms that confer resistance to components of these regimens (19) (20) (21) (22) (23) (24) . Thus, there is an unmet medical need for a simple next-generation pegIFN-and RBV-free anti-HCV regimen with potent pangenotypic activity that can shorten treatment durations and provide high levels of efficacy in patients that are treatment naive or have previously failed a DAA-containing regimen.
Glecaprevir (formerly ABT-493; Fig. 1 ), a novel HCV NS3/4A PI with potent pangenotypic antiviral activity, is being developed for use in combination with the HCV NS5A inhibitor pibrentasvir (formerly ABT-530) for the treatment of HCV genotype 1 to 6 infection. Treatment with this combination regimen in treatment-naive or treatmentexperienced (pegIFN, RBV, and/or sofosbuvir) patients infected with HCV genotypes 1 to 6 has resulted in a high sustained virologic response (SVR) rate, with Ͻ1% of patients experiencing virologic failure (25, 26) . We report here the preclinical virologic characterization of glecaprevir, including characterization of its antiviral activity and resistance profile.
ranging from 3.5 to 11.3 nM in a biochemical assay (Table 1 ). When glecaprevir was tested against six human serine proteases (chymase, chymotrypsin type II, chymotrypsin type VII, elastase, kallikrein, and urokinase) and one human cysteine protease (cathepsin B), no inhibition was observed at concentrations up to 200,000 nM. These results indicate that glecaprevir demonstrates a high level of selectivity for the HCV NS3/4A protease over the human proteases tested.
Antiviral activity and therapeutic index of glecaprevir in vitro. Glecaprevir inhibited HCV subgenomic stable replicons containing proteases from HCV genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a, 6a, and 6e in Huh-7 cells, with 50% effective concentration (EC 50 ) values ranging from 0.21 to 4.6 nM ( Table 2) . Compared with the activities of paritaprevir and grazoprevir, two recently approved HCV PIs, glecaprevir demonstrated improved activity against most of the replicons tested. Of note, glecaprevir was active against a replicon containing the protease from genotype 3, the most-difficult-to-treat HCV genotype, with an EC 50 of 1.9 nM, which was 10-and 44-fold lower than the EC 50 s of paritaprevir and grazoprevir, respectively. To investigate the attenuation of the 50 ]) of glecaprevir was 72,000 nM (60 g/ml) for Huh-7 cells harboring the genotype 1a replicon, resulting in an in vitro therapeutic index of 85,000-fold. The cytotoxicity of glecaprevir for cells of two additional cell lines was determined: HepG2 human liver cell line (CC 50 ϭ 62,000 nM, therapeutic index ϭ 73,000-fold) and MT4 human lymphoid T cell line (CC 50 ϭ 59,000 nM, therapeutic index ϭ 69,000-fold).
To characterize the activity of glecaprevir against HCV proteases from HCV-infected patients, the phenotypic susceptibilities to glecaprevir of a panel of replicons containing HCV proteases from a total of 40 clinical samples from patients infected with HCV genotypes 1 to 5 were determined in transient replicon assays. The median glecaprevir EC 50 s against replicons containing these clinical samples from patients infected with genotype 1a, 1b, 2a, 2b, 3a, 4a, 4d, and 5a were 0.08, 0.29, 1.6, 2.2, 2.3, 0.41, 0.17, and 0.12 nM, respectively, with an overall median EC 50 of 0.30 nM (range, 0.05 to 3.8 nM) ( Table 3 ). The baseline polymorphisms in this panel of clinical samples were assessed by comparison of their sequences with subtype-specific NS3 reference sequences. Five out of 11 genotype 1a clinical samples contained the NS3 polymorphism Q80K, and one sample had Q80N. No NS3 amino acid polymorphisms were detected in any of the clinical samples from patients infected with HCV genotype 1b, 2a, 2b, 3a, 4d, or 5a at amino acid positions associated with resistance to PIs.
Characterization of amino acid substitutions selected by glecaprevir in vitro. HCV subgenomic replicon cells containing the protease from genotype 1a, 1b, 2a, 2b, 3a, 4a, 5a, or 6a were passaged in the presence of glecaprevir at concentrations 10-or 100-fold its EC 50 s for the respective replicon cell lines to select for colonies with substitutions that conferred resistance to glecaprevir. Glecaprevir generally selected a low number of colonies containing resistance-conferring substitutions in replicon cells across the different HCV genotypes (Table 4 ). Higher colony counts were observed with selections using replicons with the genotype 2a JFH-1 backbone (i.e., the genotype 2a and 2b replicons in this study), regardless of the selection concentrations. This was likely due to the exceptionally high replication rates for replicons with this backbone (27) . Glecaprevir selected substitutions at NS3 amino acid position A156 in replicons containing proteases from genotypes 1a, 1b, 2a, 2b, 3a, and 4a; replicons engineered with each of these A156 substitutions, if viable, demonstrated reduced susceptibility to glecaprevir by 148-to 3,106-fold (Table 4) . Although the A156T and A156V substitutions in genotype 1 conferred high levels of resistance to glecaprevir, the viral fitness of replicons with these substitutions was low, with the replication efficiency being Յ5% or 19% for replicon cells containing the genotype 1a or genotype 1b protease with these substitutions, respectively. The viral fitness of replicons with these NS3 A156 substitutions in other HCV genotypes could not be accurately assessed because each of these NS3 proteins was expressed in the context of a chimeric replicon or with the replicon backbone of genotype 2a JFH-1. In replicon cells containing the genotype 3a e Relative to the replication efficiency of the wild-type replicon of the same subtype (which was given a value of 100%). f The genotype 2a JFH-1 nonchimeric replicon was used for genotype 2a selection, and a genotype 2a JFH-1 chimeric replicon with the genotype 2b protease was used for genotype 2b selection. g Substitutions detected in at least 1 patient who experienced virologic failure with the combination treatment of glecaprevir and pibrentasvir in phase 2 or 3 clinical studies are underlined. h Number of times that the amino acid substitution(s) was detected by itself or in combination with other substitution(s). i None of the substitutions detected in the colonies were found in Ͼ2 colonies. j Only 3 colonies survived the selection. k NA, not applicable. l NV, not available, as the EC 50 could not be determined due to the low replication efficiency of the replicon containing the amino acid substitution(s).
protease, glecaprevir selected either A156G or Y56H in combination with Q168R, which conferred a 1,654-or 1,387-fold loss in susceptibility to glecaprevir, respectively. Glecaprevir selected substitutions at amino acid position D168 in replicon cells containing the genotype 5a or 6a protease, which reduced the susceptibility to glecaprevir by 38-to 146-fold.
In colonies of genotype 1 replicon cells selected by glecaprevir, A156 substitutions were occasionally detected in the presence of Q/P89 substitutions (Table 4) . Replicons with substitutions at both positions Q/P89 and A156 were approximately 1.5-to 3-fold less susceptible to glecaprevir than those with the corresponding A156 substitution alone. The P89L substitution in genotype 1b appeared to increase the fitness of the A156 substitution-containing replicon in vitro (Table 4) , but its role, if any, in the development of resistance to glecaprevir in vivo is not clear because the baseline prevalence of genotype 1b P89L was very low (2/1,583 patients) (unpublished data) and no PI-naive genotype 1b patients (n ϭ 466) experienced virologic failure in phase 2/3 studies with the combination of glecaprevir and pibrentasvir (25, 26) .
Activity of glecaprevir and other HCV PIs against HCV replicons containing NS3 resistance-associated substitutions. The activity of glecaprevir, paritaprevir, and grazoprevir against HCV genotype 1 to 6 replicons containing NS3 substitutions known to be associated with reduced susceptibility to approved PIs was evaluated ( Table 5) . Most of the common NS3 substitutions that confer resistance to approved PIs, including boceprevir, telaprevir, simeprevir, asunaprevir, and paritaprevir, are at amino acid position 155 or 168, whereas grazoprevir and voxilaprevir generally have lower levels of activity against replicons with various substitutions at NS3 amino acid position 156 or 168 (24, (28) (29) (30) (31) (32) .
The NS3 Q80K substitution in genotype 1a, which reduces the efficacy of simeprevir in infected patients (22), did not confer resistance to glecaprevir, paritaprevir, or grazoprevir (Table 5 ). Other single amino acid substitutions at positions 36, 43, 54, 55, 56, and 170 in NS3 of genotype 1 that are associated with resistance to the PI class also had no impact on the antiviral activity of these three PIs (Table 5 ). None of the R155 substitutions in genotypes 1, 3, and 4 tested in this study reduced susceptibility to glecaprevir (Յ2.6-fold decrease). The same substitutions slightly impacted susceptibility to grazoprevir (Յ7.1-fold decrease) and conferred 5.2-to 59-fold reduced susceptibility to paritaprevir.
Glecaprevir retained activity (Ͻ5-fold increase in EC 50 ) against all of the tested replicons with D168 substitutions in genotypes 1a, 1b, 2a, 2b, and 4d, while substitutions at position 168 in genotypes 3a, 4a, 5a, and 6a reduced susceptibility to glecaprevir by 4.2-to 146-fold (Tables 4 and 5 ). D168E, a common polymorphism found in genotype 5a NS3, reduced susceptibility to glecaprevir by only 4.2-fold (Table 5) . Grazoprevir demonstrated 2.3-to 1,048-fold reduced activity against replicons with substitutions at D168 in genotypes 1a, 1b, 2a, 2b, 4a, 4d, 5a, and 6a. Although the Q168R substitution in genotype 3 conferred a low-level (3.5-fold) reduction in susceptibility to grazoprevir, the EC 50 of grazoprevir against a replicon with this substitution (EC 50 ϭ 165 nM) was still higher than that of glecaprevir (EC 50 ϭ 30 nM) because the activity of grazoprevir against the wild-type genotype 3 replicon was low (EC 50 ϭ 47 nM). Almost all of the D/Q168 substitutions in genotypes 1 to 6 conferred higher levels of resistance to paritaprevir and grazoprevir than to glecaprevir.
Genotype 1 to 4 replicons containing A156 substitutions generally had low replication efficiencies, and not all of them were viable enough for drug susceptibility testing (Table 4) . Both glecaprevir and grazoprevir demonstrated reduced activity against replicons with A156 substitutions in genotypes 1 to 4, whereas paritaprevir demonstrated reduced activity against replicons with these substitutions in genotypes 1, 3, and 4 but not genotype 2 ( Table 5 ). The reduction in the antiviral activity against replicons with A156 substitutions in genotypes 1 to 4 was in the range of 148-to 3,106-fold for glecaprevir, 13-to 1,057-fold for grazoprevir, and 1.7-to 155-fold for paritaprevir. When tested against these 3 HCV PIs, the A156V substitution in genotypes 50 could not be determined due to the low replication efficiency of the replicon containing the amino acid substitution.
1 to 4 usually conferred a higher level of resistance than the A156T substitution in the corresponding genotypes. Activity of glecaprevir against HCV replicons containing amino acid substitutions that confer resistance to HCV NS5A inhibitors or NS5B polymerase inhibitors. To determine the potential for the cross-resistance of glecaprevir with HCV DAAs with different mechanisms of action, glecaprevir was assessed in a transienttransfection assay with replicons containing key substitutions associated with resistance to either NS5A inhibitors or NS5B polymerase inhibitors (24, 33) (Table 6 ). Substitutions at NS5A amino acid positions M/L28, Q30, Y93, and P32 (deletion), as well as NS5B amino acid positions S282, C316, M414, Y448, S556, and S559, in genotype 1a or 1b replicon cells did not reduce susceptibility to glecaprevir. Thus, glecaprevir is active against HCV with key substitutions associated with resistance to these two classes of DAAs.
Activity of glecaprevir in combination with HCV inhibitors with other mechanisms of action in HCV replicon cells. The antiviral effect of the combination of glecaprevir with an HCV inhibitor with another mechanism of action was evaluated in a checkerboard combination assay using genotype 1b replicon cells. The HCV inhibitors tested with glecaprevir included the HCV NS5A inhibitor pibrentasvir (EC 50 ϭ 4.3 pM) (33), interferon alpha (IFN-␣; EC 50 ϭ 1.2 IU/ml), and RBV (EC 50 ϭ 19 M). Results from the checkerboard combination assay were analyzed using the MacSynergy II program (34) . The combination of glecaprevir with pibrentasvir resulted in moderate synergistic antiviral activity, as reported previously (33) , whereas the combination of glecaprevir with IFN-␣ or RBV resulted in additive antiviral activity ( Table 7) .
The combination of glecaprevir with pibrentasvir was further studied in a colony selection assay to determine the inhibition of the selection of colonies with substitu- (Fig. 2) . However, when either genotype 1a or 1b replicon cells were treated with a combination of glecaprevir and pibrentasvir, each at 10-fold the EC 50 for the respective replicon, no replicon cells survived the selection, indicating that this combination resulted in enhanced suppression of the emergence of drug-resistant colonies in both replicon cell lines. Combination of glecaprevir with HIV-1 PIs in vitro. The impact of two representative HIV-1 PIs, darunavir and lopinavir, on the anti-HCV activity of glecaprevir, as well as the impact of glecaprevir on the anti-HIV-1 activity of these two HIV-1 PIs, was also evaluated. The EC 50 of glecaprevir for HCV genotype 1b Con1 replicon cells was 0.83 nM in this study (Table 8 ). This EC 50 did not change in the presence of 100 nM darunavir or lopinavir (a concentration equivalent to approximately 5-to 10-fold the respective EC 50 of each HIV-1 PI). Darunavir and lopinavir had EC 50 s of 10 and 23 nM, respectively, in the HIV-1 pNL4-3 antiviral assay. When these HIV-1 PIs were each tested in combination with 9.6 nM glecaprevir (a concentration equivalent to approximately 10-fold its 50 for each replicon cell line. All treatments also contained 400 g/ml G418. Drug-resistant colonies that survived the treatment were fixed and stained with crystal violet, and the number of colonies was determined. 
DISCUSSION
Glecaprevir is a next-generation HCV NS3/4A PI with potent pangenotypic activity. In enzymatic assays, glecaprevir exhibited a high level of selectivity for HCV NS3/4A protease over human proteases. Glecaprevir exhibits an improved resistance profile in comparison with the other PIs currently approved for the treatment of HCV infections. Glecaprevir generally demonstrated a high genetic barrier to the development of resistance in drug-resistant colony selection assays with replicon cells containing proteases from different HCV genotypes. In addition, glecaprevir displayed synergistic antiviral activity when it was combined with the NS5A inhibitor pibrentasvir.
Among all HCV genotypes, genotype 3 infection is regarded as the most challenging to treat, and almost all currently approved PIs demonstrate reduced antiviral activity against HCV genotype 3 in vitro (9, 28, 30) . Glecaprevir is a pangenotypic HCV PI that demonstrates similar inhibitory activity against HCV genotype 1 to 6 proteases in biochemical assays and HCV replication in replicon assays, with comparable activity against genotype 3a and the other genotypes. The clinical efficacy of the combination regimen of glecaprevir and pibrentasvir against HCV genotype 1 to 6 infection has been confirmed in different clinical studies, including Ͼ95% SVR rates in treatment-naive genotype 3-infected patients treated with the combination of glecaprevir and pibrentasvir for 8 weeks (35) .
Glecaprevir demonstrates a resistance profile more favorable than those of other PIs currently approved for use for the treatment of HCV infections. As shown in Table 5 , glecaprevir retained antiviral activity against HCV with most substitutions that are associated with resistance to the other approved HCV PIs, including those at NS3 amino acid position 80, 155, or 168 in different HCV genotypes. Glecaprevir is active against genotype 1 HCV with different D168 substitutions, most of which are known to confer resistance to paritaprevir and grazoprevir (28) (29) (30) . Substitutions at NS3 amino acid position D/Q168 in genotypes 3, 5, and 6 were identified in resistance selection studies with glecaprevir and were found to reduce susceptibility to glecaprevir by approximately 38-to 146-fold. However, almost all of these D/Q168 substitutions conferred higher levels of resistance to paritaprevir and grazoprevir than glecaprevir. Although the A156G/T/V substitutions in genotype 1, 2, 3, or 4 confer substantial levels of resistance to glecaprevir and grazoprevir in vitro, HCV with these substitutions are predicted to have low viral fitness in vivo, on the basis of the low replication efficiency of genotype 1 replicons with the respective substitutions in vitro and the small number of drug-resistant replicon colonies containing these substitutions in the genotype 3 or 4 protease that survived selection with glecaprevir in vitro. On the basis of data compiled from 5,243 HCV-infected patients (36) (37) (38) (39) (40) , the prevalence of glecaprevir resistance-conferring substitutions at amino acid position 156 or 168 was very low at baseline: A156T was detected in one (0.021%) genotype 1-infected patient, while none of the other glecaprevir resistance-conferring substitutions selected at these two amino acid positions in vitro were detected in any patients infected with genotype 1 (n ϭ 4,795), 2 (n ϭ 195), 3 (n ϭ 78), 4 (n ϭ 76), or 6 (n ϭ 99) HCV.
If genotype 1 A156G/T/V substitutions emerged during DAA treatment in HCVinfected patients, they generally became undetectable within 3 months after virologic failure (41): A156G/T/V substitutions were detected at the failure time point in 16% (n ϭ 14) of 85 genotype 1-infected patients who experienced virologic failure with a regimen containing grazoprevir in phase 2/3 studies. These substitutions did not persist in these patients, as only one of the 28 patients with available sequence information at the 12-week follow-up time point still had an A156G substitution. These observations regarding the low prevalence of genotype 1 NS3 A156G/T/V substitutions at the failure and follow-up time points are indicative of low viral fitness in vivo and are consistent with the low viral fitness of genotype 1 replicons containing the A156T/V substitutions in vitro.
As shown in Table 4 , replicon cells containing the A156 substitutions in genotype 2a and 2b proteases appeared to be quite prevalent in a drug-resistant colony selection study with glecaprevir. However, among the 358 HCV genotype 2a-or 2b-infected patients treated with the combination regimen of glecaprevir and pibrentasvir in phase 2/3 studies, only two patients experienced virologic failure and A156 substitutions were not found to have emerged in either patient at the time of virologic failure (25, 42) . These data support the prediction that genotype 2 HCV with A156 substitutions, like genotype 1 HCV with the same substitutions, may demonstrate low viral fitness in vivo. The high prevalence of replicon colonies with genotype 2a or 2b NS3 A156 substitutions observed with glecaprevir selection was likely due to the exceptionally high replication rate of genotype 2a JFH-1 (27) , which constituted the backbone of both of the genotype 2a and 2b replicons in this study.
The potent in vitro anti-HCV activity of glecaprevir has translated into robust clinical efficacy. When glecaprevir was evaluated in a 3-day dose-ranging monotherapy study in HCV genotype 1-infected treatment-naive patients, the mean maximal decreases in the HCV plasma viral load from the baseline at the end of the 3-day monotherapy ranged from 3.8 to 4.3 log 10 IU/ml for daily doses of 100 to 700 mg (43) . Of note, NS3 amino acid substitutions emerged in only 2 (4%) of the 48 patients in this monotherapy study, with either T54S or A156T emerging in one patient each infected with HCV genotype 1a. Genotype 1a T54S does not confer resistance to glecaprevir, whereas A156T confers a 1,361-fold decrease in susceptibility to glecaprevir, but a replicon with this substitution has a replication efficiency of only 5% of that of the wild-type replicon. This low rate of emergence of amino acid substitutions during monotherapy is consistent with the high barrier to resistance observed for glecaprevir in genotype 1a replicons in vitro.
The combination of glecaprevir and pibrentasvir, two DAAs with distinct anti-HCV mechanisms of action, resulted in moderate synergistic inhibition of the replication of HCV replicons. The combination of these two DAAs with nonoverlapping resistance profiles also enhanced the suppression of the emergence of drug-resistant replicon colonies in vitro. In phase 2/3 studies, the combination of 300 mg glecaprevir and 120 mg pibrentasvir, dosed once daily, achieved an overall SVR rate of Ͼ99% (modified intent to treat [mITT]) in 2,256 patients infected with HCV genotypes 1 to 6 with a treatment duration of 8, 12, or 16 weeks, regardless of patient or viral characteristics (25, 26) . These 2,256 patients included treatment-naive and treatment-experienced (pegIFN, RBV, and/or sofosbuvir) patients with compensated cirrhosis or without cirrhosis. An 8-week combination regimen with glecaprevir and pibrentasvir for treatment-naive patients without cirrhosis infected with HCV genotypes 1 to 6 reduces the treatment duration, as the usual duration of other approved anti-HCV therapies is 12 weeks. Among the 22 patients experiencing virologic failure with the combination regimen of glecaprevir and pibrentasvir in these studies, treatment-emergent NS3 substitutions at amino acid positions 56, 80, 156, and 168 were detected in 12 patients (25) . Only three of these 12 patients had HCV with substitutions at NS3 amino acid position 156: one genotype 1a-infected patient and two genotype 3a-infected patients. These data demonstrate that the combination regimen of glecaprevir and pibrentasvir is highly efficacious in patients infected with HCV genotypes 1 to 6. In addition, although substitutions at NS3 amino acid position A156 are capable of significantly reducing the susceptibility to glecaprevir in vitro, these substitutions were rarely detected at the time of virologic failure in patients who experienced virologic failure.
The combination of glecaprevir and pibrentasvir was also evaluated in HCV genotype 1-infected patients who had failed a prior DAA-containing regimen (44) . HCV samples collected from these patients at baseline had diverse resistance profiles and a high prevalence of NS3 and/or NS5A resistance-associated substitutions due to the patients' failure to their prior DAA treatments. This combination regimen achieved an SVR rate of 96% (mITT), demonstrating its robust efficacy in HCV-infected DAAexperienced patients.
In summary, consistent with its preclinical profile, glecaprevir has demonstrated clinical efficacy against all major HCV genotypes, including the most-difficult-to-treat genotype, genotype 3. Glecaprevir is a potent pangenotypic HCV DAA that maintains activity against HCV with the most common NS3 resistance-associated substitutions found in HCV-infected patients who had previously failed a regimen containing another approved HCV PI. To date, the combination regimen of glecaprevir and pibrentasvir has demonstrated robust clinical efficacy in patients infected with HCV genotypes 1 to 6, including patient populations with other medical conditions, such as HIV-1 coinfection, compensated cirrhosis, and chronic kidney disease (45) (46) (47) .
MATERIALS AND METHODS
Compounds. Glecaprevir [(3aR,7S,10S,12R,21E,24aR)- 3,3a,5,6,7,8,11,12,20,23,  24a-dodecahydro-1H,10H-9,12-methanocyclopenta[18,19][1,10,17,3,6 ]trioxadiazacyclononadecino [11,12-b] quinoxaline-10-carboxamide; identified by AbbVie and Enanta] (Fig. 1), pibrentasvir (33) , paritaprevir (28) , and lopinavir were synthesized at AbbVie. Grazoprevir (17) was purchased from ApexBio (Houston, TX), and darunavir, IFN-␣, and RBV were purchased from Sigma-Aldrich (St. Louis, MO).
Inhibition of HCV NS3/4A proteases by glecaprevir in a biochemical assay. Eight recombinant HCV NS3/4A proteases were generated for use in evaluating glecaprevir activity in a biochemical assay. Each recombinant protein contained the entire coding regions of NS3 (amino acids 1 to 631) and NS4A (amino acids 1 to 54) from HCV genotypes 1 to 6, a 6-histidine tag at the N terminus to facilitate purification by affinity chromatography, and three lysine residues at the C terminus to increase the solubility of the protein. Genes encoding NS3/4A were derived from laboratory strains 1a-H77 (GenBank accession number NC_004102) and 1b-N (GenBank accession number AF139594) or from clinical samples from patients infected with genotype 2a, 2b, 3a, or 4a. All patients provided written informed consent. Clinical studies were designed according to Good Clinical Practice guidelines, the Declaration of Helsinki, and applicable local regulations, with independent ethics committee or institutional review board approval for all study sites. The genotype 5a NS3/4A gene sequence was synthetically constructed based on the sequence of the clinical isolate SA13 (GenBank accession number AF064490) (48) , whereas the genotype 6a NS3/4A gene sequence was synthetically constructed based on a consensus sequence derived from the alignment of 15 genotype 6a sequences available in GenBank. The NS3/4A genes were each cloned into the protein expression vector pET14b (Novagen, Madison, WI), and a clone with an NS3/4A protease sequence that matched the consensus sequence for each sample was subsequently selected for protein expression and purification. Protease activity was measured by continuous monitoring of the fluorescence change associated with the cleavage of a fluorogenic depsipeptide (EDANS/ DABCYL) substrate using a purified recombinant HCV NS3/4A protease as described previously (49) . The IC 50 for each HCV protease was determined in studies in which the protease was preincubated with glecaprevir for 30 min. The percent inhibition was calculated from the initial rates of the inhibited reactions relative to the rate for the uninhibited control.
Inhibition of human proteases by glecaprevir in biochemical assays. The activity of glecaprevir against seven human proteases (Sigma-Aldrich, St. Louis, MO) was evaluated in biochemical assays with a 20-min incubation at room temperature as follows: (i) for elastase, 50 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 0.25 mM substrate (methoxy [MeO]-succinyl [Suc]-AAPV-7-amino-4-methylcoumarin (AMC); catalog number M9771; Sigma-Aldrich), and 0.05 U/ml elastase (excitation wavelength ϭ 370 nm, emission wavelength ϭ 460 nm); (ii) for chymase, 0.4 M Tris, pH 8.0, 1.8 M NaCl, 9% dimethyl sulfoxide, 0.4 mM substrate (Suc-AAF-AMC; catalog number S8758; Sigma-Aldrich), and 0.063 U/ml chymase (excitation wavelength ϭ 370 nm, emission wavelength ϭ 460 nm); (iii) for cathepsin B, 50 mM MES (morpholineethanesulfonic acid), pH 6.0, 50 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, 0.4 mM substrate (Z-RR-AMC; catalog number C5429; Sigma-Aldrich), and 1.7 g/ml cathepsin B (excitation wavelength ϭ 370 nm, emission wavelength ϭ 460 nm); (iv and v) for chymotrypsin types II and VII, 50 mM Tris, pH 8, 10 mM CaCl 2 , 0.1% Triton X-100, 0.25 mM substrate (Suc-AAF-AMC; catalog number S8758; SigmaAldrich), and 0.5 nM chymotrypsin type II or type VII (excitation wavelength ϭ 370 nm, emission wavelength ϭ 460 nm); (vi) for kallikrein, 50 mM Tris, pH 7.4, 0.5 mM EDTA, 0.05% Tween 20, 150 mM NaCl, 0.35 mM substrate (H-Pro-Phe-Arg-AMC; catalog number I-1295; Bachem), and 2 nM kallikrein (excitation wavelength ϭ 355 nm, emission wavelength ϭ 460 nm); and (vii) for urokinase, 50 mM Tris, pH 7.4, 0.15 M NaCl, 0.5% Pluronic F-68, 0.2 mM substrate (pyro-Glu Arg-p-nitroanilide-HCl; catalog number S-2444; Diapharma), and 3 nM urokinase (absorbance at 405 nm).
Antiviral activity of glecaprevir and other HCV PIs in stable HCV replicon cells. The activity of glecaprevir, paritaprevir, or grazoprevir against cells of nine cell lines each stably transfected with an HCV subgenomic replicon containing NS3 protease from a different HCV genotype was determined using a luciferase reporter assay as described previously (28) . Five of these nine cell lines have been described previously, including those transfected with genotypes 1a H77, 1b Con1, 3a, 4a, and 6a (28) . The other four cell lines were established by transfecting cells with a nonchimeric genotype 2a JFH-1 replicon (GenBank accession number AB047639), two genotype 2a JFH-1 chimeric replicons containing either a genotype 2b NS3 protease domain (N-terminal 251 amino acids) or a sequence encoding full-length NS3 through the first 39 amino acids of NS5B from genotype 5a (strain SA13), and one chimeric replicon with a genotype 1b Con1 backbone containing full-length NS3 and NS4A sequences from genotype 6e. The genotype 2b and 6e NS3 sequences were each synthetically constructed based on a consensus sequence derived from the alignment of 15 genotype 2b and 4 genotype 6e sequences, respectively. All replicon constructs were bicistronic subgenomic replicons similar to those described by Bartenschlager and coworkers, and the replicon cell lines were generated by introducing these constructs into cells of an Huh-7 human hepatoma-derived cell line (50) . The inhibitory effect of the PIs on HCV replication in replicon cells was determined in Dulbecco's modified Eagle medium containing 5% fetal bovine serum with or without 40% human plasma (Bioreclamation, Westbury, NY). The EC 50 s were determined using nonlinear regression curve fitting as described previously (33) .
Cytotoxicity of glecaprevir. The cytotoxicity of glecaprevir for Huh-7, HepG2, and MT4 cells was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) colorimetric assay. Huh-7 cells containing the genotype 1a replicon or HepG2 cells (4,000 cells/well) were plated in 96-well plates and incubated overnight before the addition of glecaprevir. For MT4 cells, 10,000 cells/well were plated immediately before the addition of glecaprevir. The rest of the assay was performed as described previously (33) .
Activity of glecaprevir against human immunodeficiency virus type 1 and hepatitis B virus. The antiviral activity of glecaprevir against HIV-1 and HBV was determined at the Southern Research Institute as described previously (33) . Briefly, glecaprevir was tested in an HIV-1 antiviral cytoprotection assay using CEM-SS cells and the IIIB strain of HIV-1 or was tested in an anti-HBV assay by directly measuring the extracellular HBV DNA copy number in a real-time quantitative PCR (TaqMan) assay.
Antiviral activity of glecaprevir against HCV replicons containing protease genes from HCVinfected patients. The activity of glecaprevir against HCV replicons containing protease genes from individual patients infected with HCV genotypes 1 to 5 was determined by testing the susceptibility of a panel of chimeric or nonchimeric replicons containing the respective NS3 or NS3/4A gene. Each of the NS3 gene sequences from genotypes 1, 2, and 4, with the exception of two genotype 2b sequences, was derived from serum or plasma from an HCV-infected patient by bulk PCR amplification, producing a population of sequences representing the viral quasispecies. Two genotype 2b sequences were synthesized based on the consensus sequences of the respective samples. One genotype 3a sequence was synthesized based on a consensus sequence from the sequences available in the Los Alamos HCV sequence database, and another genotype 3a sequence was a clonal sequence derived from a patient sample. The genotype 5a sequence (strain SA13) was synthesized based on the published sequence of the HCV isolate (48) .
Transient replicons containing NS3 from clinical samples from HCV genotype 1a-and 1b-infected patients were described previously (28) . For the transient replicons containing NS3/4A from samples from genotype 3a-infected patients, the first 251 amino acids of NS3 and the region encoding NS4A amino acids 21 to 32 (numbered relative to the NS4A coding region) from these HCV samples were cloned to replace the corresponding residues from the backbone of a genotype 1b Con1 shuttle vector. A genotype 1b Con1 transient replicon shuttle vector was also used to clone the region encoding the first 251 amino acids of NS3 from samples from genotype 4a-or 4d-infected patients in place of the corresponding region from HCV genotype 1b Con1.
A genotype 2a JFH-1 replicon shuttle vector was used to generate transient replicons containing NS3 from clinical samples from genotype 2a-and genotype 2b-infected patients. The region encoding the first 227 amino acids of NS3 from samples from genotype 2a-and 2b-infected patients was used to replace the corresponding region in the genotype 2a JFH-1 replicon shuttle vector. The genotype 2a JFH-1 replicon shuttle vector was also used to generate a transient replicon containing a region encoding full-length NS3 through the first 39 amino acids of NS5B from genotype 5a (strain SA13).
For the analysis of NS3 sequences from patients, we defined a polymorphism to be an amino acid difference in the sequence of a baseline sample relative to the sequence of the appropriate HCV subtype reference sequence: genotype 1a H77 (GenBank accession number NC_004102), genotype 1b Con1 (GenBank accession number AJ238799), genotype 2a JFH-1 (GenBank accession number AB047639), genotype 2b HC-J8 (GenBank accession number D10988), genotype 3a S52 (GenBank accession number GU814263), genotype 4a ED43 (GenBank accession number GU814265), genotype 4d QC382 (GenBank accession number FJ462437), and genotype 5a SA13 (GenBank accession number AF064490). Polymorphisms were assessed at the following NS3 amino acid positions that are associated with resistance to the HCV PI class: 36, 43, 54, 55, 56, 80, 122, 155, 156, and 168. All DNA sequencing was performed by the Sanger sequencing method.
Selection of amino acid substitutions by glecaprevir in replicon cells. To characterize the amino acid substitutions that confer reduced susceptibility to glecaprevir, resistance selection was conducted with stable HCV replicon cell lines containing genotype 1a, 1b, 2a, 2b, 3a, 4a, 5a, or 6a NS3 as described previously (28, 33) . Briefly, 10 6 replicon cells were plated in 150-mm cell culture plates and cultured in the presence of G418 (400 g/ml) and glecaprevir at a concentration that was 10-or 100-fold above its EC 50 s for the respective replicon cell lines. After approximately 3 weeks of treatment, the surviving replicon colonies in one plate for each selection condition were stained with crystal violet and counted, whereas approximately 20 to 30 colonies in a replicate plate or most of the colonies, if less than 20 colonies survived the selection, were picked and further expanded for genotyping. The expanded colonies were lysed in CellsDirect lysis buffer (Invitrogen, MA), and the NS3-coding region from each colony was amplified by reverse transcription-PCR and sequenced. For genotype 1a, 1b, 2a, and 5a colonies, the full-length NS3 sequence was determined, whereas for colonies of the chimeric replicon containing the N-terminal region of NS3 from genotype 2b, 3a, 4a, or 6a, the sequence encoding the NS3 N-terminal region was determined. We defined a substitution in a replicon to be an amino acid difference in a sequence from a posttreatment sample relative to the sequence of the corresponding untreated sample. For resistance selection studies, NS3 substitutions detected at the following amino acid positions associated with resistance to the HCV PI class in Ͼ2 colonies in each replicon selection are reported: 36, 43, 54, 55, 56, 80, 122, 155, 156, and 168. In addition, substitutions detected at other amino acid positions in the NS3 protease domain in Ͼ2 colonies in each replicon selection are also reported. Selection with the genotype 3a replicon cell line at a concentration 100-fold above the EC 50 resulted in only three colonies, and the substitutions in all three colonies are reported.
Effects of amino acid substitutions on the antiviral activity of glecaprevir and other HCV PIs in HCV replicon cells. Replicons containing the substitutions of interest in NS3 (genotypes 1a, 1b, 2a, 2b, 3a, 4a, 4d, 5a, and 6a) were constructed to evaluate their susceptibility to glecaprevir, paritaprevir, or grazoprevir in transient replicon assays as described previously (28) . In addition, the activity of glecaprevir against replicons containing substitutions in NS5A or NS5B (genotypes 1a and 1b) was also tested (33) . Mutagenesis was performed using a Change-IT multiple-mutation site-directed mutagenesis kit (USB, Cleveland, OH) or by cloning a synthesized DNA fragment encoding the amino acid substitution(s). The genotype 1a and 1b replicon shuttle vectors used for the introduction of the substitutions of interest in the NS3, NS5A, or NS5B gene for transient-transfection assays have been described previously (28, 33) . The replicon shuttle vectors used for the introduction of substitutions in NS3 genes from other genotypes were similar to the stable replicon cell line constructs described above, except for the absence of the neo gene. After mutagenesis, the plasmids were linearized and RNA was transcribed and then used to transfect Huh-7 cells. Inhibition of HCV replication by the HCV inhibitors was measured by luciferase assay, as described above. Replication efficiency was calculated as a percentage of wild-type replication, as described previously (28) .
Combinations of glecaprevir with HCV inhibitors with other mechanisms of action in HCV replicon cells. The antiviral effect produced by the combination of glecaprevir with an HCV inhibitor with a different mechanism of action was studied in genotype 1b Con1 replicon cells as described previously using the checkerboard method to determine if the combination produced synergistic, additive, or antagonistic effects (33) . The resulting data were analyzed using the MacSynergy II program (34, 51, 52) . The assignment of the synergy or antagonism volumes was based on the guidelines provided in the MacSynergy II program user's manual (34) .
For the selection of drug-resistant HCV replicon colonies with the combination of glecaprevir and pibrentasvir, genotype 1a or 1b replicon cells were treated for approximately 3 weeks with either one or both inhibitors at a concentration that was 10-fold the EC 50 for the respective replicon cell line, as described above. The drug-resistant colonies were fixed and stained with crystal violet, and the number of colonies was determined.
Combination of glecaprevir with HIV-1 PIs in HIV-1 antiviral assays. The anti-HIV-1 activity of an HIV-1 PI (darunavir or lopinavir) either alone or in combination with glecaprevir was studied in a 5-day cytoprotection assay using MT4 cells and the pNL4-3 strain of HIV-1. The study was designed to determine whether glecaprevir at a concentration 10-fold its EC 50 for HCV genotype 1b Con1 replicon cells (EC 50 ϭ 0.96 nM) affected the antiviral activity of darunavir or lopinavir against HIV-1 in MT4 cells. Briefly, darunavir or lopinavir was serially diluted to 8 concentrations that covered the respective HIV-1 EC 50 in the middle of the dose range. Each HIV-1 PI concentration, with or without the combination with 9.6 nM glecaprevir, was added to HIV-1-infected cells. The plates were incubated at 37°C for 5 days. After this period, 25 l MTT reagent (4 mg/ml) was added to the cells, and the plates were incubated for 4 h. The MTT formazan formed in the cells was solubilized by 50 l of acidified SDS overnight. The plates were read at wavelengths of 570 and 650 nm using a spectrophotometer. The EC 50 s of darunavir or lopinavir for HIV-1 in the presence or absence of glecaprevir were calculated as described above.
Combination of glecaprevir with HIV-1 PIs in HCV replicon antiviral assays. The anti-HCV activity of glecaprevir either alone or in combination with an HIV-1 PI (darunavir or lopinavir) was studied in HCV replicon cells. To this end, darunavir or lopinavir at 0.1 M (a concentration equivalent to approximately 5-to 10-fold the respective HIV-1 EC 50 ) was combined with six serial dilutions of glecaprevir to treat HCV genotype 1b Con1 replicon cells. The range of glecaprevir concentrations tested was chosen to ensure that its EC 50 in genotype 1b Con1 replicon cells (0.96 nM) was in the middle of the serial dilution range. The inhibitory effects of glecaprevir either alone or in combination with one of these HIV-1 PIs on the replication of the HCV replicon were determined by measuring the luciferase reporter activity as described above.
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